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.. • ELECTRIC SUBMeSsSeO PUMPS 




: r * ' Submersible pumping is a well-established technique 'for extracting hydrocarbons from 
. , ; . • deep boreholes, where the natural pressure in the res^ryoir is insufficient to iift the fluid 
' *. . ■ ^ ' .or gas to surface. The technique is .also used in water production. ■.. . 

10 Typically the production requirement is. to lift large volumes of liquid against a pressure 
7'-'^dSffiqrade;^atBd'tD the depth of the well' in which the piimp is installed. For very \ 
heavy crude oils, slow-speed positive displacement pumps are suitable. These are 
'■ ■ usually rotated by a motor at the surface connected to the pump by a long flexible rod ■■ . 

system. Centrifugal pumps have been found most suitable for, normal crude oils, gas »• 
,15 and. water. . These pumps are rotated by a submerged motor connected directly to the 

pump, wifil electric .power being, delivered from the surface by a long cable. Also, the . ' *=-> ; . . . 

use of electric cables makes installation possible in deep or long horizontal wells which V s 

■»* 

would otherwise not be possible with the use of rotating rods. " ^ 

20 The electric motors used for driving the centrifugal pumps are very elongated, 
sometimes of a length of more than one hundred times their diameter. The resulting 
complexity of such a device, the difficulty of its manufacture and the quantity of the 
degradable insulation materials it employs all reduce the system reliability. 

25 Electric motor shaft power output is defined as the product of rotation speed and torque. 
For a given physical size and type of motor there is a limit to the level of torque that can. 
be produced, typically due to self-heating. A high-speed motor therefore provides a 
, n^suiij ''fOT'ibtaiiuhg moire power from the same lmgj^bf : mQicir 9 ' or the same power 

\"^>Vs -^^pnot-a porter length". . •/ ■;,>/■ vv:.v tf : >v/.,.,. ■ 




M&C P52772GB 

' -. 2 

. ; • ; rotational speed. This known relationship, sometimes termed the "affinity -law", means 
, : . '- .'that a relatively small. increase, in the rotational' speed can give rise, to -a: substantial 
power increase. * - ' ■ " .'- : 

5 Centrifugal' pumps are frequently . made with . hundreds of impellers' threaded on a 
' cornihbn shaft, each impeller adding a little to the lifting' pressure. Reducing the 
number of impellers ;by iricreaisihg the speed would therefore afford an improvement in. 
' • reliability.^ . V \- m ' '; ' . * . ' '. V ■ ' V 

10 The above demonstrates that a high-speed motor and pump would, by being shorter for 
a given power, present direct advantages in reliability due to reduced, complexity, or 
alternatively yield a higher output for a similar size. A large proportion of boreholes are 
deviated from the vertical and commonly even to the horizontal. A much shorter 
motor7pump combination would also lead to a reduction iji damage caused by 
. 15 mishandling and bending during deployment through the curved sections of the 
borehole. Furthermore, the much-shortened length would allow motor/pump 
combinations to be assembled and tested in ideal conditions at the manufacturer's plant 
prior to being transported to the borehole location. 

20 As will be described more fully below, innate limitations in the established motor and 
motor controller technology used in the electric submersible pumping industry have 
prevented the objective of higher speed being recognised or addressed. 

*•■ * * 

Historically, electric submersible motors used for centrifugal pumping have been of the 

25 asynchronous, or induction, type. The stator is made of steel laminations and copper 

windings, and the rotor of steel laminations with copper bars forming the winding, 

. known as . a squirrel cage. The rotor laminations are keyed to a shaft, this shaft 

providing, the' means of transmitting output torque. The rotor poles are produced by ; 

induction ^ the stator and the. rotor, using, a portion of the' ; 

.30 stator current. The, Stator,. in addition, produces a rotating stator field due. to the 

'.■>S:- r : : : mteriiatirig'-cto^ Since thd tr^nsfoiroer coupling to.the'^ 

the /rto^ tuM; -it* a! different :(ldwe^ .spe6^:th^ ; 

•synchronous" speedy producing a so-called slip frequency for induction.' Electric. 

V.:\."- "V •-: . ' V}'. : ; ■ ' ■ ''.:')'y : ' ' ■ v : V^v? > V".-. '. V"» 

■ •■«•*■••..«■;* • -\'t. • ^ . • •* :• ■ t >•*.. * .^i'?- -..•••>• 1 ' " * i 1 :** 'J?*^ ■ 




* V'^'V^mersible. motors are; 'made -with <t\vo poles in orderfo' achieve the maximum'r6tiating : : ' •-• 
' • v^^/^speed/from- a Thik -Speed is ; typically 3500 'rpm, slightly y 

y • : ' *v less thain the unattainable s^nchro'ijbuis speed of ; 60' Hz x 1" pole pair x 60 's/min ='3600 ''. 'V 



^ ; ; ^ '. It hasi^ become common to use vMable speed drives to' power tfiese motors,' rattier than ' 

:• , v direct connection to the. utility '•8tip^Iy.^V^able' ; speed drives first convert utility. AC . :. 
r . power, typically at 60Hz, to PC, *md then by electronic switching convert the PC to a\.;/.j 

'\yi^: t }: : y. . V. variable ,.fr^ use of a variable ipeed; drive confers , v ^ : ; 

. j : , 10 advantages during starting when it can litriit the motor current to a safe level, and during 
> /<•'-.<• production wlien'it can be used to manage flow rates. The latter is important when the : ; 

changing characteristics of a reservoir are considered over its producing life. Although : -' 
. • yariable.speed drives, by creating an artificial supply of 70Hz or more, can operate the : . 

motor at higher speed than when directly connected to the utility supply, this is a limited 
. 15 capability. Firstly the elongated induction motor is not suited to high-speed operations 
, due to .internal losses and small mechanical clearances, and secondly at. the medium 

voltages used (often several thousand volts rms) drive losses become very high. 
Performance is generally limited up to 80Hz or about 4500rpm. 



-•4? ■ 



.,20 In order to maximise the induced rotor pole strength it is necessary to minimise the gap 
between the rotor and the stator. Unless very hot, the oil in the gap is sheared by the 
rotor turning yet remains in laminar flow. As a result the friction absorbs several 
percent of motor power. Motor efficiencies above 90% are sought, and this is an 
important source of loss in existing motors. Laminar losses increase as the square of 
25 speed, and accordingly a doubling of speed above industry norms would make the loss 
' . .unacceptably high. The internal heating caused by these losses, and the copper losses in 

. : , : . . the squirrel cage, reduce motor life by aging the insulation materials. Ideally, the. flow , 

■* : ;V. : ;-? ,,,, ' : " ' ' 

to mechanical-causes. .^The , 




^ both motors and ptimps;r and , . 



: i?';;t/::^ t a - reg^l t; their ^ cte^gnV/JP ;ve^Mongate^ andjinduc^ 

'•■■. !| . .nrnrliir.l'ha 9^0TTP mfli/ Kp 90' rnAtr-^c Irv-hrr. T'hio! c1#a-n/^^-r iJccAmKK/ io rl-i-ffiA'nlt +ni"*VicinHli* 
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•%Yan^^^ bein g- ''deployed into deviated or horizontal 

/.'•:- <f t.mfells/'Since'smal] deflectiorik bf-'^ rotor to.iriipact on the - v 

'' : si&ior. Rotor vibration due to .bearing' wear or irhbaiance also increases the charic'e.'bf 

;,; . " . " rotor Impact.; V- ' . ' "v ■^-Vf -^ -v?' ; * v'.^ ; vh^ J V: , v.' '.V ^ ■ ' * ; " ' ' 

'•"T^V' , f^uiKiment for th6 rotor t6 tie made of laminations arid the' limited overall motoi: 
diameter act together to constrain" thei diameter of the inner torque-carrying shaft. It. is ' : 
! ; . : common practice, for example, to couple two 250HjP motors , of 5.62inch. diameter 
.;■ together, so as to make a longer SOOHP'moton Shaft strerij^fh limitation prevents this 
10 being increased to 750HP or 1000HP. 

To provide a high-speed electric pumping system, it is desirable to increase the rotor 
clearance, and to reduce the internal sources of power loss that increase with speed. It is . 
also necessary to use a drive technology which remains efficient at high speed and at the 
15 different operating voltage levels needed for different motor speeds required during the 
life of the well. , .. . 

A further requirement of any high or low speed electric submersible system using 
variable speed drives is to minimise the deleterious effects of the electrical switching 
20 used to produce the alternating output voltages. Switching events on the long cables 
- used in submersible cable propagate as wave fronts that reflect at connections and most 
particularly at the motor terminals. These reflections cause voltage transients that can 
approach twice the original voltage, and hence destroy insulation to earth. Commonly 
the motor voltage is presumed to be proportionally distributed through the turns of the 
25 stator winding, and the inter-turn insulation is less than that of the winding to earth. 
• However a wave front impinging on a motor terminal must travel through the winding 
turn by turn before settling to its final value.. Therefore there are short periods in which 
' . one turn of a winding carries the wave front at/full voltage and ah adjacent turn" is 

; '.;r.: : v-; - unexcited... This internal voltage difference, can exceed: tlje: inter-turn insulation rating, , ; 
....... .30 :• again causing premature failure.;, .Increasing the: insulatioij .level to overcome these . 

/; ? ^* "*fiJ&bt>I^Sife ^»dd6es\the sp&ce^ alsq fedu^'tthe;| ?>>/•' 



• * ■ * • 




25 



Aii ass^ is the interference'caxised to data transntissi'ori- '■' 

systems ;; asei to ".convey datafrom'mstramentation lQcate&in the wejl bore.* . ,:'! •; .:■ ;v 

the 



V;. fc ' • -5 same : 



h : e;*^ high-speed centrifugal ^Tum||ing-'iy^tems. However the .U;- - 

one;; prinoiples 'of reliable motdr drives- ' and.. < 

ci^um^ of "ixansients on long cables are/all applicable to positive ■ ' 



displacement pumping systems. 



Positive ^spjacenient ^ rate essentially determined by a characteristic ' ■ <:<:/ 

,10 volume per revolution multiplied by rotation speed. The torque demand at the pump ■ 
shaft is determined by the back-pressure of the fluid column being lifted. These piimps ■ 
usually operate at low speeds of a few hundred revolutions per minute. Since shaft 
* power is the product of rotation speed and'torque, it follows that these pumps are also ; 
characterised by extremely high torque demand. Where there is sand production with 
15 the pumped fluid and where the wells are deviated or horizontal, the rod connection to, 
- •• the surface has a very short working life. In these cases it is desirable to use a downhole 



motor with the positive displacement pump. . # 



However, induction motors are inherently unsuited to low speed and high torque 
20 (although variable speed drives have improved their capabilities in this regard). Thus 
current installations rely on a gearbox to match the normal motor running speed and 
torque to the pump characteristics. This is also problematic as it is extremely difficult 
to make a reliable high torque gearbox in the small borehole diameter, and it is also 
. expensive. 



IS 



A motor having high torque at. any speed including low speed is therefore preferable. 



• ': ..* ^ It is a# object /bf-ffie"'^^^©!!, to provide an efficient , electric 'submersible : pum ' 
: ^y i v . : ... Vcptoprising^ submersible motor capable of, ^operating at low^ mediuin . . 

\ ^:30. Aand. high^ ispeeds^v^and, overcpinihg.:.many ;bf . the:..abo've r described-; disadvantage's.,, of , v . 

'.^isting^^ l*£u^>??* : - " •. : ,;"\ h '.fXi Vf'- :.*' "/ -.; .; „':■;£>' \ *' 
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conventi orial 'equipment..' 



: -'.Jt-is a yet further objective* of the present invention-, to provide a high power; electrical 
, risiibniersible pumpimg:sy of half ^He-length 'of con^ 

- " - ? \. ^ J^ccoirdi in g to one aspect of .the. present invention, the^re is provided a' db'wnhol-e' eiectrid ; . 
.5..; /motor hiaving at least three' phases ^ • • 

. r . Bearing phiase windings in* slots in title stator,/ each' phase winding incorporating a ;coil / 
1 extending through a respective pair of adjacent stator slots and surrounding a respective. 

J, . : portion of the stator between said adjacent stator slots, and adjacent coils of each pair of 

' phase findings extending through opposite parts of a respective one of the s^ / 

According to another aspect of the jpresent invention, there, is provided a downhole ' 
electric motor having a rotor and a stator bearing phase windings in slots in the stator, 
the stator being made up of first and second concentric parts which together define the 
slots in the stator so as to permit the phase windings to be fitted to the first part prior to 
15 fitting of the second part to enclose the phase windings within the slots 

The invention also provides a downhole electric motor having a first multiple-phase 
section and a second multiples-phase section and separate supply leads for supplying 
- said first and second sections with electrical power from the surface. 

20 

For a better understanding of the present invention and in order to show how the same 
may be carried into effect, reference will now be made, by way of example, to the 
accompanying drawings, in which: 

25 Figure 1 schematically illustrates an electric submersible pumping system; 
Figure 1 A is a block diagram of a variable speed drive; 

Figure 2 illustrates an embodiment of a downhole motor in accordance with the 
■ invention in cross-section; , ' *') . '• ' " ■ ' ; ■ : ; - ' r* ;V "'v 

- .JSguie.3 illustrates, th.e embpjtoent of Figure $t in axial'seption;, . -.i-sv/SU^'.v .,' 

. . ... 30 .,; . Figure 4 illustrates the means. of assembly of an elongated motor; .. ■ ^ 

• " of-ai^ '■ ^ 

-\;["" ; •'• ' \ • Figi^re.7 illustrates a possible rotor journal ' " '** ; 




Figure 8 ilMstriates a possible'rotOT - ■■^-: v -^?f-.y V' : fy;'^vV; 



Figure 91Tlustrates ,a bearing that creates internal support pressure; f ; ' 
Figure 1 , 10 illustrates a known' 'electrical' representation of a; permanent magnet; 

; ^y;^;:.^/v;r synchronous motor,;- ' ' ■ .-^>Viv/"' / ' '*', 



m'aorrilpf- v'\J • 



. ' Figure • 11 shows the electrical ' wayefo'itns of an • idealised/ permanent magnet ' ".-; 4 '.V* 
* : '\ : Vs^ctir6nous ihbtor; V • ■. v *v ■ ' •• \ - 7 "'"."ti 

: ' : Figure' 12 shows a known electrical circuit diagram for the output stage of a variable V . . * . • 
'"' "''h'l'-v' . speed drive;*' V ' , ■■ ' • '**•' "' ■• • - . • .V 

t /; "v"->:^*"^.^v^/i!Z s ^°?y? th^v.typical. electromotive force of a trapezoidal- wound pennanOTf--;.- :; V : ;. : .'.j;: 
10 magnet synchronous motor; ' ; "■ .; 

• ; ; - .." v-;-' Figure 14 shows the electrical waveforms : of \ an idealised permanent magnet . r ; . 
'" synchronous motor operated as a brushless DC motor; Figure 15 shows' representative 

. '., JyJ waveforms of the varia:ble speed drive of Figure .12 for a motor when a variable output "... ? _ 

' voltage or current is required; . . 

15 . Figure 16 shows representative waveforms of the variable speed drive of Figure 12 for > 
aa motor when a varia : b]e output voltage or current is required, but with a low switching 
• frequency; • 



Figure 17 shows representative waveforms of the variable speed drive of Figure 12 

. • * ' • • • »* Si 

, ' ... 

incorporating practical switches when a high-speed motor is driven and a variable . 
20 output voltage or current is required; 

Figure 18 shows the known idealised characteristics of positive displacement pumps 
and centrifugal pumps, turbines and fans; 

Figure 19 shows an electrical circuit diagram providing efficient means for varying the 
speed of positive displacement pumps and centrifugal pumps, turbines and fans by 
25 varying the internal voltage of a variable speed drive; 

' Figure 20 illustrates a means of providing the supply voltages to a variable speed drive 
\ in accordance with the invention; . . s .. 
": : V^' : S r ' : ^ r " Figure 21 illustrates tHfe improvement in efficiency provided by a variable speed drive in '^ 

-accordance.Ayith the invention;.,; ^ ,.V fc ..;. . ' /■>'■■*>'••■ - 5 - • V s v^-'^^V 
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r : varying the'vaSiable speed drive output.. voltage in 'accordanqe; 



•••Figure '23 illustrates a' me^s^pf "optimisation of- ihejGiontTpi.of a permangiitVma^et 
, ^' ^synchronous '.motor by 
V 'with .the invention; 

v- : '-E;igu're 24 illustrates a .mean's cof. rotor assembly -of ^an elongated permanent magnet ■ 
5 . motor in a final position; . , * i'/.J ,• * . 

. Figure 25 shows a means of rotor assembly of an blonjgated permanent magnet motor in* 

an intermediate position; ' • ' 

Figure 26 shows a means of stator assembly of an elongatedpennanent magnet motor; 

Figure 27 shows a stator bore cross-section; ' • ; 
10 Figure 28 shows a mandrel cross-section suited to the manufacture of a stator assembly 
. of an elongated permanent mkgnet motor of the present invention; 

Figure 29 shows a bearing outer housing suitable for insertion in an elongated 

permanent magnet motor of the present invention; 

Figures 30 and 31 show schematic end views of the stator assembly of a motor in 
15 accordance with the invention, Figure 31 A showing a detail within a slot of the 
assembly; 

Figure 32 schematically illustrates the assembly of such a stator assembly; 
Figure 33 schematically illustrates an improved pumping system according to the 
present invention; - 
20 Figure 34 illustrates a motor for the pumping system of Figure 33; and 

Figure 35 shows a further electrical circuit diagram for the output stage of a variable 
speed drive. 

With reference to Figure 1, a representative installation of an electric submersible pump 
25 (ESP) is shown. A borehole 101 drilled in the earth is sealed with respect to the earth 
from the surface to below a reservoir 102 with casing 103. The- casing 103 is perforated 
at 104 to allow reservoir fluid to. enter the well. A pump 107 is provided to lift fluid 
from the weir tip tubing 105 to the; surface': The tubing 105 is sealed to the casing 103 ' 
.■ . ./......by packing lOfrsq that the reservoir fluid must go through,.the ,pump to.reach suiface;v A. • 

30 . jpeimanent magnet subniersible. inotor 108 (PMSty^ is mounted beneath the pump; 107. 
"'••' 'V.'^Vrhe -'^xiMctih^^aft of *ihe ,: jx0^i6v'jpi^es tlfrfe'ug^ th^k-b4^S$ v ; 




x-v >r^r.\ :". • 

.^{iW 1 ^';^'' : "'« V ' ^v-v.^ 

v^J;.;*/- ■ ». r < ■ • > ^'.: )1 >*i§y4?^ ?&•;•>■ ■ " - . >• ; - v#J^-;V. ,: -7. .I""*"- ' ' f .'.»v.> * 

>'^^:^S?;v: bef ore ' .^fe]i^|^ttg ;ft puimp 107--mflr^^j{)royides:.a certaini : am©unt;of .cooling of ffie^^!;^, ; 

ft/--:.V ; ' V A power -cable 110 for; the motor 408 is run- up past the .pump .107 and alongside ithe •. . : . 

5; '.' • tubing |p5 . until' if emerges^ at the'" surf ace; wellhead and passes -to a variable, speed drive. [ :{ 
^ M ; ? - :/ ^: : v 111.' This'Srive I'll is* powered by;'tfie utility supply 1 12 of 'a gfeneratdr: " • ' ^ 

v V; : V' :,f - \} \V; mounting -the 'pump below fee'mdtor; ; and taldng : tihe ; ' cable up jhe .tubing prmaMng it -aii ... ^ : : 
■ : 10 V integral part of the .tubing. Arrangements, such a§ that disclosed in US 60009 15, which 
accommodate the pump ^ . 
make poor use of the limited borehole cross section and are not preferred. 

Figure 2 shows a cross-section of an embodiment of PMSM in accordance with the' £ . 

15 invention comprising a central rotor and surrounding annular stator within a. housing |; 

• • . t'i 

. 202. The rotor has a central shaft 201 for transmitting the output torque, and a; plurality : 

• - • '^fi- 

of magnetically permeable sleeves 203 carrying permanent magnets 204. The sleeves ^ 

203 are torsionally locked to the shaft 201 by keys, shrinkage or other means in the art. 

It is preferable to make the sleeves 203 separate from the shaft 201 as shown, for ^ 
20 reasons of mechanical, stability, to facilitate assembly and to permit the optimum .. 

strength material for the shaft 201 to be chosen independently of the sleeve material. 

The magnets 204 are preferably of a samarium cobalt composition as this gives the best 

economic performance at the temperatures commonly found in deep boreholes used for 
- hydrocarbon production. Other materials such as neodymium iron boron may be used 
25 in appropriate circumstances, or improved materials as they become available. 

. ':■ \ '.• During high-speed rotation the magnets 204 experience considerable centrifugal force, 

■ ^ the'sleeves 203 may weaken Wi^ age^^ '/ 

'. -v/.:V^^f:4 .• ^.v, sleeve 205, pre^aMy^f metal,.proyi^ the.iise... !r>^.^ 
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US'V4742-259 A .discloses a. technique- : fdr ,: fitting a sleeveVwith* axial constraint:-' This 
• t^hpiqufiTegiuo'es the fitting;of enli washers' that are preyed to the shaft to locate them ' .". 
without using positive abutments to (16, so'. In a preferred arrangement shown I\N figure':; »' 
8aV;rin^ 

onto the rotor, sleeve 203, coming lip, against abutments 424, and. the retaining sleeve. , 
205 over tli^ magnets 204 may be rolled over the outer faces 'of the rings 422, as at 425, • 
■;; * thereby. Ipcking the whole assembly in place axially without the need for adhesives. 

Variations cm this locking method are possible within the scope of the, invention, such as . 
defprmihg the sleeve 205 with a punch into a detent on the outer surf ace of the ring 422/ 
10 or using a snap ring and groove as a shoulder in place of machined feature 424. 

The assembly so far described is termed the rotor, and the length of motor delineated by 
a sleeve is termed a rotor stage. Figure 3 shows in axial section a single rotor stage. 

The magnets 204 are circumferentially disposed about the sleeve 203, and alternately 
15 ' poled in an essentially radial direction to cause a spatially alternating magnetic flux to 
cross the clearance gap 209. Other magnet arrangements will be known to persons 
skilled in the art. The entire motor and hence the gap 209 are filled with a benign fluid, 
such as a highly refined mineral oil, to balance the inside of the motor against the 
external wellbore pressure. 



20 



Preferably the magnets 204 are plated, for example in a vapour deposition process, with 
aluminium, so that they may resist corrosion from any ingress of moisture into the 
motor, and so that any small loose particles Of magnet material will be sealed into the 
magnets and not come free to circulate within the motor bearing system. 



25 



Contained within the tubular housing 202 is a. stack of thin magnetically permeable 
laminations 206. as. may be seen more clearly in Figures 3 and 4. Insulated wire," 
preferably, made of copper' coated with* high-integrity' insulation such as '[['"' 
polyetherethierketone or polyiniideiy^lsedalsi is wound through the slots 207% and . v; . , .";«. 
,;' 3p looped b^ck" 214 at. the ^nds^pf . thelapiination stack sls part .of the coil winding. process. . i: , 

' Ttie wound;^ assembly constiMes^his; stator 'of the motor.'" ? %'•'*.'' :\^.-i:J?/' 



./•••v^:- ^V;iV; : ; r-The-PMSM as descnbed-wilj have many desirable'. characteristics for* \y '-.\fc£>\ 

■ • ,v'C ^7:^^^^ '^'associated vvitfivthifc general 'nature of permaiiSfit'magnet 'motors.. j ' ■. ' 

■--'•fy/'".. -For example; .fty*' providing a rotor flux- fronV^perinkrient magnetsV.'there is no need to • ,: . •• * ;' 

t^ TOtpry iiiike the field winding fhaf .requires sepai;kte^ower in ah'- induction'-. ^Ay^/- fi 
This ! reduces the motor current by the 'amount needed for rotbrmagnetisation, ' ;.' / * t 
t ..,< { ^. (: r^<^ whicti therefore reduces the ohinic loss in the stator windings arid the power cable. It ' 

- !*;Valso eliminates the . rotor cage winding and thus an internal source, of heating. The . 
' ; v '/ . . used only for the production /of the rotating stator flux. The 

V' v 'V;''(7.v inherent torque, output., fqr-f|he motor., Iwhich' is. deriyed froih;. a product, bf space. : " . 

10 utilisation, rotor flux and. stator flux, is very high compared to an induction motor. This 
• torqueis. availa^ble at any speed: ' . " vvV' . :C . •;■ • '-./•■'■' ' ' • 

. ■/ - \. m . . .Further aspects of the .mo toy construction may be; addressed to give reliable high-speed 

performance. Firstly, as mentioned above, a- major source of inefficiency in induction *% 
15 motors is the frictional drag in the. necessarily small rotor-stator gap. In a normal mass- 
' produced PMSM the gap is also kept small in order to economise on the amount of 



I: 



magnet material required. However, if it is considered that permanently magnetic, wj' 



material is not itself significantly magnetically permeable, then for magnetic purposes 
• the gap between the stator and the' rotor is that between the lamination tip 210 and the *\ 
20 outer surf ace. of the sleeve 203. The mechanical clearance gap 209 is only a part of this. . 
Thus, if, for example, the magnet thickness was 3mm and the clearance gap was 
increased from 0.25 mm to 1.25 mm, or 500%, the magnetic gap would only have 
increased 30%. With only a modest increase in the amount of magnetic material it is 
possible to purposely design the motor to ensure a sufficiently large mechanical 
25 clearance such that at high speed the fluid in the clearance is turbulent. Above 5400 

. rpm for a rotor of diameter more than 50 mm a gap greater than 1.25. mm is preferred . , 
for this purpose. A designer may use the known Reynolds number theory to estimate 
'* • ' ; - ' '^the needed gap size for other operating cbnctitip^ and motor* sizes.' 'This results' ■ ' .v" 1 ' -'v.- 

).^':;K'^r^i}iM a marked .drop in;.loss/compa^ loss- r -. \ r -^^ 



apd. resultant ihtenjaj; heating ; will drp; 
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current losses; ;»v 



. Secondly, it'.'will befdund that the. deliberately .large gap reduc'esthe eddycu 
• and hence heating, induced in the retainingsleeve 205 and magnetic material according.;* 
£■;'!' ' . to tHeirVcoM These .losses'; increase approximately- 'as- the "square" of rotajSon-'V*' •\" 

v, 5 • speed, s but "diminish* with distance from. the lamination, tips 210. The inter-magnet 
• 7 -f: spaces 213 may be fiited but, unless care is taken to seal the cavity, particles of filler ; : '• 
. V . may dislodge over time and damagb the motor.. Therefore it is preferred' to leave the 
"/.' . cavities unfilled. This is made possible by the sleeve 205, since it presents a low driag 
^ rotating surface to the clearance gap while making an enclosure to trap the fluid in the ' 
10 cavities. This trapped fluid is limited to bodily rotation or axial flow and does not 
: contribute to friction in the clearance gap. , ;' 



Other types of PMSM construction are possible, while maintaining the large gap. A 
slot-less construction in which the laminations become a stack of rings, Or are replaced 
15 with a magnetically permeable tube, requires much more magnet material and will 
normally be found uneconomic for submersible pumping. 

# 

It is also possible to design the PMSM so that the slots are fully closed or almost fully 
closed in the vicinity of the lamination tips 210. This ensures the retention of the 
20 winding without use of insulating retaining wedges that may degrade. It also reduces 
the cogging torque, that is the alternating accelerating and retarding torque developed as 
the magnets come into and out of maximum overlap with the teeth. 



For the purpose of maximum power output at high efficiency it is necessary to optimise 
25 the electromagnetic design. Unlike conventional submersible pump induction motors, 
. which invariably have two poles for the reasons given above, it will be. found that the 
optimum number of poles is usually six or more for PMSM motors up to approximately 
. seven inches (i7.5cm) in diameter. Four poles will give an' acceptable output for smaller "' " 
,.v<rE motors; but even, pipre. poles are /preferred for .-larger . motors... .The higher, pole count v 
30. allows the flux density to be better distributed so that the 

.'" sfiee^ 21^-ma^ be-Teduced/-- niiis'pei^ts the area .of .the r^/J] 

th&W^ tHe: winding^ td^^hcreas^L W^efl'the^lx 

.■ ' high frequency restrictions discussed below on drive output are' considered it will be 



A• ^ ^ : >'^^!l3 v ^'' : ' l '''i' ; 




" : B T3 ^^v^Vappireciated that/5ri larger ^mot'or sizes, -highebpole counts are more- demanding of the - l ^f;.' 



. * 'mi*"-. 



"' KVf^-^ .driv^V ;^ ^^fvP^Z/^fi- Teaclied- where\acc"^ stator 'lamiii aiiori :. outer . , '"' 

/ , ;" : i> :i V;. ; .;;^"Vxttatenal/ is aRprojiHatey.tb" • make the''- drive practical... Conversely as- /taught'* in t '. ; 
' with'/dfives >and : ( : step-up transformers- typical of oilfield induction motor ^ y,i 

.. \V 5 technology, a high pple^•count mofpr permits' operation at low speed and high .torque for 
. : ••'• -'.".r progressive cavity pumps;! For example, a teh-pble motor driven at a frequency of 60Hz 
J'",. : ;y^.^iU* rotate at 720rpm. '. ... \ ' ; .V ' . • " ;' ; y. . 

.^.■y - " -^-'^.V-jcSp/J*-": -J -^^¥f5".5 shows, a, represent ati v^ -cross-section of ^ of the present invention:; ; . ; • , 

; 10 'constructed using known technology in the field of submersible induction motors/ .A 
- V '. plurality of rotor assemblies is used to achieve the desired output power, the assemblies. 

being rotationally locked to' a common shaft 201 running continuously through' the. 
electrical section of the motor,. Shaft stability is ensured by bearings 401 between each . • ; 
. , . ' rotor , assembly.' These bearings 401 are commonly made of two concentric rings ^; 

15 running freely one over the other, one keyed axially and rotationally to the shaft 201 and <|r*. 

• • ' • • • " Mi. 

: the other locked to the stator bore using thermal expansion caused by the mptpr's self-,%1 . 

' heating, or pegged in some way. '/|- 

An improved method of assembling the rotor illustrated in Figures 7 and 8 simplifies *'| 
20 the bearing assembly and also the means of affixing the rotor sleeves .203 to the motor 
shaft 201, using a reduced number of parts. 

The need to assemble the rotor with long solid sleeves 203 presents a problem in that a 
stablest to the shaft 201 is necessary, but the required shaft straightness for closely 
25 fitting sleeves 203 to pass smoothly, over the shaft 201 during assembly is very 
. , ■'- demanding. The preferred means of assembly is to use support rings 411 as shown in 

Figure 7. These rings 4li, are a.close fit on the shaft 201 but, being short in length, will 
'I':. . " : .y .5',; slide easily over it. 1 . Lands 415 provide a concentric fit "for the sleeves 203 and'-slibulders " 

prpyicie an.^^ ; .iahutinpntt;;. ( The : bore of the sleeve 2Q3 is. only a Ipo.se^fit ;pii.tihe ; . .-.j .... 
.,, v ;^? t -.y, 30;,,>\.shaft 20h. .As, shpwn.ip..pi,gure j 8^--pne pr more sleeves 203 a 




:>i&< '■ • - ^14-><. .v'C ,"■ tiy^^;:* •: :> ;^^^?^r, 

"^Vf^'^v-' '^haft eliminate wear-v Referring again .to Fi^f eV^%^fcey '413 may.k/,.*,,-;/'. ; 

" ;? ■ • * * -.r, ; ' pro vi ded.;t6^/.accoJ^p^i sh this , in which 'case, during assembly;- the ring ,411'is first slid'. ...-..-> " 4 

'onto the s : hafr'201^then/;the key 413 is inserted into a groove • 41 9" .in tthe. shaft 201 and. 
V- >• ^. within a^ Ihenn^^-il'^fThe'islTOve 203 has an inteiiial groove 4i7p, i o;- ; ':- !' : ; 

. 5. so that, when it is slid onto the shaft' 201, it becomes rotationally locked to the shaft 201 . 
" , ; - by the key 41 i 'and also prevents the key 413 from subsequent • 

The use of a relatively short key, such as the key 413, ensures that the torsional stress in 
• the sleeve: 203 is lirnited to that caused by the torque generated by the; 1 magnets on the 
10 same sleeve 203. In a long motor, the portion of the shaft 201 under the sleeve 203 
nearest the output end of the motor will carry a high torque accumulated from all the 
other sleeves! Particularly where multiple motors are connected in series to increase 
power output, this torque can be very high. If the accumulated stress in the shaft 201 
were to be shared with the sleeve 203 by way of a long key, there would be a risk that 
„ 15 the magnets, being brittle, would fracture. (In submersible induction motors long keys 
are used to maintain all the laminations of the rotor in alignment, as well as to transfer 
torque.) 

A further consequence of very high torque is that twist in the shaft 201 may cause 
20 sleeves 203 at opposite ends of the shaft 201 to come out of alignment with each other 
and hence with the stator, with the result that the sleeves 203 cannot at the same time 
produce maximum torque. US 6388353 suggests mounting the sleeves on the shaft with 
an angular skew relative to one another so that, when twisted in use, the sleeves are • 
brought back into alignment. Alternative methods that can be used with series- 
25 connected motors are (i) to stagger the angle of each shaft to the next in line, such as by 
cutting the splines at the ends of the shaft with a small angular offset relative to one 
another, or (ii) to connect the housings to one another with a • small angular offset.. 
Within . a single stator, the simple expedient of twisting " the' stator will: effect' a " 
. . ; .compensating Correction tq a twisted. shaft, and is similar N to a well-knp)yn technique for 

. :„., > 3,0 . reducing motor cogging torque. The compensation of all these methods has variable • , . 
• V^-St": 'effeidti veriest ^.^eXskew/^ cdmpehsaite.jthe' an^ljBfbf twist at 'Oji^ • ;• V ;^^V> • 

'■ v^^j? 4 ^. igyel pf^que;'^ another levels- of ;;t6^qufe;.' It'shbuld^i ■ 

TTkr\ii>A tVtCki' tV»o omnnntc rvf tiiiiet rGL-f&-r~roA tr\ Or<a \?e*-r\i emoll hmiVoll\J lpCC than Q HpfffPi*. ; " • ' 





Vy,;''^ is designed to. :maximse iH^.. . vvi^ 

■ , :\.y.^ , ^.y.. 

, • ..motors- s6 as not to suffer 'from excessive shaft twist: • ' > : " 

■ ^.Sv.i^'-Th^^leeve-^S carries, or is; integral with,'the shaft ..bearing. A ring' 407 of bearing 
y r .qiiality material, such as that marketed under the. tradename Deva Metal,'- may be •*•■ ■/'*■ V- 
\ pressed onto the ring,411. The outer ring 420 of the bearing runs on the ririg 407, and is 

iEbually^ bi&pttired .'by' tihrust washers .421 which themselves are captured between the • ,'v 
' sleeves 203 : .aiid the; support iihgs 411.- Alternative arriangements for the bearings, iri'-'>". 
• 10 which for example the support ring 41 1 is made entirely of bearing material, eliminating .' 

rings 411 may be of modified shape as their outermost ends do not mate to rotor 

; . • .■ ,y sleeves...^. * ' , ; • ... x • ■. • y.v;:-' 

15 . Substantial hejat, of the order . of 100W 7 .will be generated within the bearing. This heat 

is transferred to the laminations and thence the motor housing by two main means,- . . 

namely conduction through the outer ring 420, and conduction through the support ring 
411 and the rotor. In. the latter case heat passes through the magnets near each bearing 
and across the oil-filled rotor/stator gap. This second path, though less direct than the 

20 first, will significantly raise the magnet temperature. A thermal insulator in this path « 

between the bearing running, surface and the magnet, such as may be provided by ' v 
making the support ring 411 of ceramic, will increase the thermal resistance in this path, 
and thus reduce the magnet temperature rise. 

25 In a completed PMSM the rotor is centred by the bearings 401 and so is magnetically 
. balanced. Particularly when the motor is installed vertically the bearing loads will be 
very .low,, and the bearings 401, which, necessarily, run hydrodynamically for - 
i "; \ - m^iimsing 'lifespan; may become unstable, resulting iii* shaft Whirl arid other Vi1^atidris^ ^l,, •''■ lV,,, ' "' • ' 
V ■■■« U • -yln^e present invention therefore, the.-bearings 401 must.be designed to create sufficient...- , (J y;yy... ( 




[^pressiiire and enforcmgrst^ility.c^. T*\*rS' : , 




^^s:V^'^^^^ , ^ e l^gth ofgrooVBg!469 is a means,! pj,^a^.ng the .pressure.. The;^QoVing 409 also^^^.;. !■;;!:>: 
^A»r.'; ^promotes flow ;of pil ;tl^roiJgh the beann^ : ..40;V, /assisting in cooling, and cleaning it. . ; , . ; 

4 '- , ' > ... AJtematlVe beann^Si 'finch as- lcnnwn hp.anncs with' nnn-rJrr.nlflr.hnrpQ i-niav nlcn hf* 11 sari 



Alternative bearings!, -'such as-known bearings with! noh-d used 
't^ft'J a phieve staibili^/; ; /'V'" /^v--^^' -V .: : N': , V'' '' [ ' y v\ : :' >:V^:i'"'-- ' 

'■^ ; 'V'v ;;, "'A.furlh« means of purging oil through" the bearing^. 401 is to bore' the motor shaft 201 
[ -for the introduction of oil throughout the length of the motor to cross bores 406 at each 
\. bearing 401 as shown in Figure 7: Utilising an impeller or croiss drillings on the shaft: 

... 201, preferably by way "of an oii filter thereupon, oil is forced into ft^ 
10 the bearings 401 and then returned by way of the rotor-stator clearance 409. Pilot bores 
.410, as shown in Figure 7, or grooves in the bearing housings may be provided to assist 
this return path, . as will unfilled interstices between the magnets on the rotor. 

If the stator bore is of constant, carefully controlled diameter, then the rotor assembly, 
15 complete with bearings, may be slid into the stator. The stator thereby provides the 
outer support for the bearing outer rings 420. However this known arrangement . 
necessarily requires the bearing rings to rub the stator bore during insertion, with the 
possible risk of abrasive damage. 

20 Alternatively the stator bore may be made of smaller diameter 403 in the axial sections 
opposite the bearings, such that the reduced bore lies within the stator to rotor clearance, 
as indicated by the broken lines 408 in Figure 7. In the assembled position shown in 
Figure 5, the bearings 401 are shown in contact with these specially reduced sections 
403 of bore. 

25 - 

This means of assembly is not immediately suited to PMSMs due to the extremely high 
side magnet forces between the rotor and the stator caused when the rotor becomes 
slightly eccentred in the stator bore: This is well known, in small industrial motors.'. ; '! 

:.^ ! , : '. - ^ where external fixtures ^e u^ In an / ■*.! 

30 . elongated motor the problem is very serious since it is not effective to support the shaft 
^^!fj^^;e^ eiid> ft ; .rn^!Jbe' if^nd from/ele^^ 

v fe$ : ^h6usands o^NeAytoris^er mefa-e of rotor length!' • and- omllimetre; of deflebtaon jaaay 'bc^jjjvi M$$& 
. - v ' v produced. A much smaller force is sufficient. to bend, or deflect, a shaft held only at its : y ' 





ends. v Any.deflection increases the. side force leading 



:-:My '. .. ., ., rotor bearings mate only to'a'restricted stator bore/fh'en fpr;'mo,st of t] 
•V:!.?. . v . V' ( -:.; r "mey will rib.t 'provide support- to/the rotor, and the rotofr wilk'deflgct until -the^eanngs 



'.;?.v:f,/.'. . .. * f A v{ tpuch, fhe •stator. bore -feet' ween ;the ; restricted seicf^ diffici^^M^^ . th ^'' ' 

' 5 rotor into the. motor, andalso-the bearing outer 'diameters will now be offset from the; • 
: ; - ; 'v.:-': restricted bore section 403, so that* the restrictions becqme 'obstructions. :V', v ,:; '' :.' •; 



Figures 24 id 29 show representative means of the invention for overcoming these" \v 
// .'.grpbleriis. ... Jtfore: particularly. -Figure - '27 is a. cross -section of 'the _ stator bore in the ' '^v 
10 '. vicinity of the bearing restricted bore" section 403. -The restriction surface 2101 is* "}[ 
y-\ / interrupted by three equiangularly spaced cutaways 2103 that take the bore back to the ; • ' \t 
' normal diameter of the lamination tips 210. Figure 29 is a cross-section of the bearing • '■ ' • 
• • - outer ring incorporating three equiangularly spaced' rebates 2105. and intermediate lands : y ; 
2104 corresponding in position to the cutaways 2103 of the restricted bore section 403, • 
15 , the rebated surface 2102 having the same diameter as the restriction surface 2101, and .;| 
• these surfaces 2101, 2102 mating when the rotor is finally installed and the bearings are .. . 
in the restricted bore section 403, as shown in Figure 24. The outer surfaces 2113 of the 
bearing outer ring are a sliding fit with the lamination tips 210. At interim positions ' 'jf 
. during installation, as shown in Figure 25, the outer surfaces 2113 provide a good . : 
20 degree of centralisation of the shaft 201 between each rotor assembly. This mechanical 
support ensures the rotor side forces remain acceptably low during rotor insertion, and 
make it possible to insert the rotor assembly without damage. The external fixture will 
necessarily constrain the axial movement of the rotor to prevent it being pulled into the 
stator by the magnetic force. It will be apparent to a skilled person that, by suitable 
25 shaping of the leading edges of the rebates 2105, the alignment of the rotor bearings to 
• pass through the bore restrictions may be facilitated. However, in a motor with many, 
bearings, this will remain troublesome!. The larger rotor-stator gap in a PMSM permits : \ 
'*\\t ; a .means -of aligiiment to be. used in which each bearingring is bored so that a stout-wire; ii^y-]*/ 
such as a tempered steel wire, ;P??y be threaded throu Keeping this, !or . 
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^ rv ";:.v' Figure 4. shows a -prsi.iit^p-in the loiown/la^^ of : fmanufactunn§ an 

; ; ; ! ( ;. -VC'; elqctric submersible dndu^ statpt;., The ;iopse ;laminations;206-.'are' threaded 

• V 'onto' a mandrel 303* aridf inserted into the 'housing; fceing prevented from escape by an 
v:> T^- -'v : interna! ring 30iV : \* > T?iiB ^sfiipiiidef * 304 is «then used' to- .cpmpress the' laoiiinatipn' stack, 
5 which is fastened' in place by a second internal ring 302.' The housing' length extends 
"beyond- the laminations ■ considerably further than the illustration shows, in order to 
leave spatce for the statftr winding end turns and for mechanical components. Winding 
the stator is laborious as the conductors have to be threaded axially through the slots ; 
back and forth, turned 'around, wrapped in additional end insulation and inspected, all 
10 taking place inside the housing ends. Furthermore, the laminations necessarily are a 
' relatively loose fit in the housing in order to be able to slide them in. This leaves a 
significant thermal contact resistance between the laminations and the housing, which 
impedes heat transfer, raising the motor internal temperature and hence reducing its 
reliability. 

15 

The preferred embodiments of the present invention radically change the method of 
assembly of elongated motors. Firstly the more conventional approach to making small 
non-submersible motors is adopted, in which the stator is wound before insertion into its 
housing. A shrink fit of the finished stator is used to ensure high contact pressure with 
20 the housing, reducing thermal contact resistance and thereby minimising the internal 
temperature of the motor. However the invention provides for the special circumstances 
of an elongated motor that has internal bearing surfaces that may be on a reduced stator 
bore diameter. Figures 26 and 28 illustrate a means of aligning the laminations ready for 
winding utilising a rebated mandrel 2107 having outer surfaces 2105 that are a close but 
25 sliding fit in the stator bore. The rebates 2106 are clear of the restriction surfaces 2101. 
This mandrel 2107 provides a centring surface for all the laminations, including those 
used for the bearings. A simple nut and shoulder on the mandrel 2107 is sufficient to 
" clamp the laminations ready for winding by threading of the wire through the slots. The 
: . <, shoulders, of the rebates '2106? may be partly tapered, to bring the bearing laminations 
. 30 . into rotational alignment. However, in order to reduce sliding friction when the 
. v'j? • ''^^^Y ; 2ioy iV eyenti^b^?x^oy)Sdi the/s£rf^ reduced/ to thin , 

; ; >?fv: . area:*; If -^ylffl^palipns are opet)^ 

■ :^3>^ \'''\ A.. [' .?/C# H '-' t / - /:^5'K. >';r': ::.;v. J 




'.^ \ ' ; .;,r»..i<; •:;•/,-.::;. v. - • . . V V*. -iV^'v^ ;/<:,-. ; • >• ;..;v,v t ;; ■ • • •;; ,v\^:<v -Vr:. 

. bore, : or : if -the 'tips .^^ bore^sdchifeatures on the maiidrel* ; 2lb7:.' 

., : oi inserts mounted thereupon may be used, .to rotationally align all the laminations:- ; ; "; :/: j 

. ' . Th e iah^nations may be weW^ out^r diameter so as to mMntaiA'tWe : ,,; 

5 close stacking of the laminations, or .some other. known means may be used. After *, 
■v- winding and possibly varrush impregnating, the stator may be* ground on' the outside * \ •'" 

■;' diameter to make it a close fit in the housing. Preferably the housing will be pre- :. 

' ; , . expanded in prder that, after insertion of the stator, the housing will relax to a . shrink: fit. 

; . The pressure of contact will; .tifieh; : ^eatly ' reduce the .-contact thermal resistance.. ; A' 
10 . means of expanding the housing for assembly is to pre-heat it. Conversely, to repair a 
. stator, or to" recover the housing for re-use,' it will be necessary to expand the housing :.. 
with the stator in siftL The length of the stator renders the required force to be too high • 
for a press tool to be used. A preferred means is to use an induction heater, \yhich 
essentially comprises an electrical coil that slides over the housing, the coil being 
15 connected to a power generator of appropriate frequency. It is known from the theory 



■ . of induction heating that, by choosing a frequency such that the skin depth of radiation 

in the housing does not penetrate through the housing, energy may be rapidly and • 

.- . ' • . ■ 

selectively imparted to it without penetrating the stator. This provides a time window in ? 

which the housing will release the stator and the stator may be extracted before it f 

20 becomes heated by diffusion and expands to re-establish the lock. This method is suited ' 

even to elongated motors. An alternative method in accordance with the invention uses 

hydraulic pressure internal to the housing to expand it for one or both of stator insertion 

and retrieval. In this case the stator must be inside the pressurised container of which 

the housing forms part. 



25 



The embodiment disclosed has the further advantage over conventional construction of 
induction submersible motors that, by providing easy access to the end-windings, the 
highest quality winding procedure ' may be followed arid the results easily' inspected/ 
This technique's .^ppUcableto .all types, of .elongated Jnotor. ;;. ; ^ . ; - . \ -. , . ... .s , - { : 





( ••'■ ' • lTv:.^'*Sv (l '' , . •• .'v \" ■ • r «\V'-' "''•»- •"' * Ofi " . • '* I"! ■! -, - 1 v-'~. . • " 'V'.* ■■ * 

.-<■"■., ^v/;^;>.^ .v'f . . ■ - * : Aj- " ZU • - , 'V J$y^\<y} ; V ? ' • ... * *' *<';,; .«*>! : -' 

; '•:.-V : ;i : ,4nus6idai:. It may hq^eyei 'be 'driven by a. vakaWe^spe^ in which! the b'ack-emf 

/ :;..;.*; wayeftnn is taken into account; and It is partibularl^ suited to the variable -speed drive 
•embodiments of the* present invention that are -disclosed below. In the example .shown 
^ ■ 'v ,; \;^ytKe motor has three piiasfe^X.B, CI*. The ls^&tip^^pl hive six slots, for ari eight-. , 
5 pole rotor/ For phase A, coil 2202 is wound through' adjacent slots so there is a single 
■ * ■■ tooth 1 2il0' separation between the coil sides. Identical toils 2203 and 2204 are wound 
■ on alternate; teeth for the other phases B and C, ; where'the. hatching emphasises the 
• extent of the completed coils. The slots are shown closed at the stator bore as this is 

' "• ' .preferable."!'-. . \\> . ' ■ \ ' ; / ■ 

. 1Q • • " ,: • • •: ' • • ••••••• • ' '' • ' " . " 

" One advantage for reliability is that there are • only three coils, one per phase. 
Consequently there is no crossing of phase windings at the end turns. The end turns 
2205 possess further advantages. The end turns 2205 fall naturally within the radial 
limits of the slots and are short. This minimises risks with insulation chafing, provides 
15 a short path back to the stator for conduction cooling, and has minimal energy waste in 
. unproductive copper. This in direct contrast to double-layer lap windings, as used in 
'induction submersible motors. In these the end turns need to expand beyond the radial 
limit of the slots and/or become very long in order to accommodate the wire crossings 
between layers and phases. ■ Since the winding area is constrained by the housing 
20 internal diameter and the bearing/rotor outer diameter, the problem is severe. 

A winding with six slots and eight poles as described above provides phase separation 
in the slots. However, at high speed, the high pole count makes heavy demands of the 
variable speed drive as described below. Furthermore the self-inductance of each 

25 winding is high, requiring more drive voltage to overcome its reactance for a given 
motor current, which is manifest as a poor power factor. A compromise embodiment of 
six poles and nine slots for a motor having three phases A, B and C, as shown in Figure, 
31, 'is' satisfactory and preferred. this embodiment three series-connected coils are • 
provided for yea accommodates the coils of two phases. 

30 . . However, since these 
■ : i : ■: * v af ^;by *a 'gap -3 1 06 :aLs\indic^tbd in' Figure : 

\ ;.^':,J ;, ' ' :t : >;'4y#?\'.\ \ r^^i^l ^K^rri' -V*>:&H-. 'i^.^^r^r^d^ ...-*/> v.; .v.- :^:r»i :: - t;^ 



ese coils are wound around separate teeth, they are naturally spaced 
6'a's indic'atied in Figure 31 .and' can-'be' "well insulated.from each jtither. ■ ; 



slot-is^ teeth 3110 shqwn representativ These teeth- ; ;y 

have lmie ^tf^Gt.on' the motor magnetic.circuit' as they "do not form a, closed loop around '■«<.";:.• 
the c6ij ' ;However ' they form-aa intermediate path fot'^i^^dkf6t to< the outsi de of the ' '-"/ / 
motors-arid, if the motor body is held near the potential bf the neutral point, there is.less ; 
strain on the insulation between each of the coils and/the, tooth 3110 than between the ; . 
'coils of different phases, ' / : y\-y ■ 

A further, and preferred, aspect of the present invention is shown in Figure 32, which, \ 

: for convenience in drawing, is again shown .based on six-slot, laminations. . In this case ' 

the laminations are made in two parts, as if split in the vicinity of the root of the slots so 

that a multi-tooth inner part 2207 and a circular outer part 2208 are obtained, as shown 

separately on the right hand side of the figure and fitted together on the left hand side of V* : 

the figure. These parts 2207, 2208 are preferably made from the same piece of material 

. and are .thus of closely similar thickness. . In the final assembly this will reduce bridging Jf 
'* ' * ' •■' . ^ _ - ■ . ^ 

of the tooth tips between laminations due to thickness mismatches. In the assembly 

" ... , . , J 1 

process the lamination parts 2207 are assembled onto a mandrel, and separately wound 

" 

. and formed coils, preferably vacuum pressure impregnated and over- wound with v-' 
protective insulation, are then simply slid over the lamination' teeth 2209 of the parts 
2207. Sometimes varnish is considered unsuitable in the face of hydrolysis from 
moisture ingress into the motor. In these cases, wire insulation such as 
polyetheretherketone may be used in loose coils, whilst still being wrapped to resist 
chafing in the electromagnetic fields of the motor. Conveniently stacks of outer 
laminations 2208 bonded together or welded along their exterior are slid over the wound 
core to complete the stator. While it is possible to heat-shrink these onto the wound 
core, the housing shrink fit disclosed above will also apply the light compression 
necessary] to ensure good :mechanical stability of the stator.* '•';/•; : X * ' v • r.>;' :■• 



K&k? " V^fvl'O* . • : ■ ' -V^V v^ r r ; ..-:»■ ;. •; .:v : V-, . . ' r.Oi :. * v .^-r : : 

':p^i^pify<^ of assembly ^ansjat'es .the known advantages/of fonh-wound coils used in 
physically. large industrial motors to the difficult elongated small diameter geometry of 
. submersible motors. V^;: . • : : 1 V • * r ■ ; v.;i' 



' ..'V 



Form-wound coils for lap' wound": large motors are manufactured separately from ' the.' 
laminations and- are then inserted into rectangular slots open to the stator bore. . In 
submersible motors there is insufficient working space in the bore of the laminations' to 
Ibad the fonried-coils ready to insert into the slots, and for high speed motors the open 
. slots, would cause .substantial losses:' - 

By opening the lamination slots from the outside, the invention permits formed coils to 
be used while not incurring these problems. The particular advantage of the 
concentrated winding is that the formed coils are very simple and that the large winding 
slots for the small size of motor facilitates the use of semi-rigid rectangular or wedge- 
shaped copper wire. 

With formed coils the wire is bent once at any position as it is wrapped to form the coil, 
unlike the conventional process for winding elongated motors in which the wire is 
threaded back and forth through the slots. Consequently a much more rigid wire may 
be used, as there is no work hardening and insulation damage that would occur if it was 
attempted to wind conventionally, with repeated bending. Rigidity solves the known 
problem in elongated motors of wires crossing within a coil deep inside the stator. It 
provides a non-rubbing and stiff end turn assembly. Round wire is known to give a 
very poor copper fill factor in a slot compared to rectangular wire, essentially because 
the latter packs together better. Typically the thermal conductivity from the copper 
through its insulation back to the lamination is improved also. With a high copper fill 
the motor will have' much reduced internal heating compared to a conventionally round 
wire wound" motor. /This is a source of improved reliability, or alternatively of higher 
tor^e for the. same temperature rise.: 



■ ."i - . . .• 



Referari^ disclosure- of the . described .embodiments. ..has^beea ; . 

4?9S^!f'J^ : .^opimoriiy,. for higher po.^er, multiple, ho.used motprs ; . 

.are combinedin series v Figure. 6 illustrates an embodiment in. which two or .more stator- 

^s^^^-V .•■••;'.<•. j*± •'.o/X. 1 '-' ^^'s■.:i''■^'' . > * ' A' " ■ >;•'•' ^.:^v ; -'- .■ ;\'v 



v;^ s a.sections Vi are: a ftccrQrnm within' ; a-,sihglfe housing 202; 4n.this c.aise, with one sfatof \ 

ii^rv'*"-'? ^ The coitespohding phiase windings- 214 of each'stator section . : 

;'?V.v. v-^f r yvV /.'are connected in /series while integiity of -syncHronicity of .the sections is* obtained 'by :: : : ■' 

the-stator and rotor -sections:. The rotor sections are easily ali^'edj'^V' ;*?''*;•. . 
r v'\ : - ;; ;^ : ,'5;' : '...on the shaft by keys J* Disadvantagdousiy,; in a lap wound motor.,- the end turns, will'' ; . 

*;vy' ^ . consume a large proportion of the 'overall hiptor length and the* reliability will diminish "-' 
\i'J v ;, ';;C.' .': * n proportion to the extra end turns.' Alsp, for a* high speed motor, the'distance between ; ,; >J ; 
: . . ;■ v ^;^earings will become lar^e and possiblf; necessitate a larger number for shorter stages- to ■ . : 
•U-'" ,' ?-^v -^VlR^P 1 ^ 1 m^hanical- ^stability. ' of - tW rotor:;' Ho Weyer, in the preferred embodiment's * ;';/ V. 
. .. * .10 / ciisclpsed above in which'^ the penalty for additional end ' / ' " ' ; 

. \.v >'::'. w: ..turns' is much reduced and the ^otor. is feasible from reliability and performance point^^ 
' \ ' of view. In this case the practical advantages are the possibility of manufacturing a- 
; . r .-large variety of motor powers from a basic stator length and the relative ease of winding . ■ . . ; h " 
.' shorter stators. ' . ■ ' " y, 

' ■ 15 • / . * J 

-.. The stator. sections may be carried and. aligned on a common mandrel for insertion in . 
the motor housing 202, similarly to the foregoing descriptions for a single stator. The 
stator bore restrictions in which to house the bearings 401 are replaced by housings 404 
concentric with the individual stator sections.' Concentricity is maintained by the motor 
20 housing 202 when the entire assembly of bearing housings 404 and stator sections are : ' 
inserted. The series connection 405 of the windings 214 of the stator sections is 
preferably achieved by permanent means such as brazing. The use of connectors, while 
possible, reduces reliability. It is a feature of the invention that winding before 
insertion permits these connections to be made and inspected beforehand. 

25 • 

, .„ High speed multi-pole PMSMs present a variable. speed drive problem that, the present 

t invention addresses as described below. : The origin of the problem is that the base - 
i ' generate is- the product of tKfe 'number of motor: : .-';: :: V:;' 1 ■* 

';^ it .^^;;^.y^^e pairs and 'tfie numbqr of sh^ -A standard induction motor, , ; ■ 





inci;ease^s"'a ' step ''.change in' ^. operating', conditions .for- eleq'tric"; .submersible \pum^ingf^^^^ ' 
•;V:. ■ systems/and well beyond the xabge/of .general industrial drives." ■ . • ... - r ' ; 



Figure^ known electrical representation **of a, balanced PMSM ^ith three \.-- >\ 

5 phases ^ b, c and isolated neutral Referring to phase a, reference numeral 701 is a ' 

■ mo'tor terminal to which the voltage.' V a ; is applied. Current I a indicated by the reference ' : ' ' , ' 
numeral 702 ilows into the motor winding which has resistance R indicated at 703 and " 
an effective' inductance L indicated at 704. The effect of the permanent magnets ' 
■■ rotating past the stator winding is to induce an electromotive force (E1VEF) E a indicated . 
10 at 705. The other phases b and c may be described in the same way with appropriate 
substitution of indices. The three phases are joined together at the neutral point N 
indicated by the reference numeral 706. 

It will be appreciated that multiple motors, or stators, may be connected electrically in 
15 series so that the resistances, inductances and EMFs add to make a single equivalent 
larger motor with a common shaft. Placing the terminals in parallel is also possible but 
poses difficulties in controlling currents between all the windings. More realistic motor 
models in which for example the EMF source and inductance are lumped together as an 
element that calculates the time rate of change of the internal flux linkage, and in which 
20 magnetic saturation is taken into account, are all refinements which do not affect the 
present invention. The number of phases, three, is well suited to the task of electric 
submersible pumping motors, but is not limiting. 

An idealised PMSM as described with reference to Figure 10 produces sinusoidal EMF, 
25 with each phase 120 degrees apart, and is driven by a three-phase sinusoidal voltage 
source. Figure 11 shows graphically how a sinusoidal voltage V, 802, applied to the 
motor with suitable amplitude and in the presence of the motor EMF E, 801, will result 
■ ; in a phase current I; 803. The source may also be current-controlled in which case V is .*.! 
the consequence of I and E. . 




• .transients' af the motor terminal s,-aiid because the mptdrj.-tbiique can be shown ^.v^ 
i-^^V'l f v. ■ .'■ v . to 'be constant with rotation, which reduces- the likelihood of torsional vibration;.; ■ r /- •; ; 

C : ' : ?'"-ir V ^'!vi^' The constructionpqf such' "a ' motor requires, careful attention \tq ;'the Bisfributioh of the / 
. > /-5 '..turns' of the. windings, within the stator slots.. To ; ' produce, a 'sinusoidal EMF with a / 
'.. ...,y.; reasonable number' of slots cut in the laminations requires the turns from different. "♦. 
, phases to ishare slots and to be distributed among many slots. This immediately causes 
\ •■ , ■ a reduction ixi reliability due to the potential for 

crossings and due to the mixed phases. There is alsd. the loss of useful copper; due to; ;< ;/ 1 
- . ' 10. . increased insulation between the phases. 

When the windings are made so that the phases are kept in separate slots, the back EMF 
will be more similar in form to E in Figure 13. This is often referred to as a trapezoidal 
EMF/ If the motor is driven' with sinusoidal voltage or current the performance will not 

15 be as good as the ideal sinusoidal PMSM made with the same amount of coppefjin the 

• • • ■ ■ ' & 

windings... ... r . r - 

• . ■ ' ; ' . '"" ■ . • . • ; %. 

' us- 
Figure ' 14 shows ' how a motor with trapezoidal EMF is driven, compared to the 

. 

. sinusoidal motor waveforms of Figure 11. The key feature is that voltage is applied to 
20 the motor across two phases only at a time whereas in a sinusoidally driven motor 
voltage is applied to three phases at a time. The two-phase driven trapezoidal wound 
permanent magnet motor is commonly termed a brushless DC motor. The two phases 
are changed cyclically, as in AB, BC, CA, AB. . . Whenever the phase pair is changed, 
one phase is electrically disconnected. Since there will be current in the phase winding, 
25 the terminal voltage exhibits a voltage flyback spike 1002, known as a commutation 
spike. These spikes occur twice per electrical cycle, on each phase. They present a 
serious limitation for the successful use of brushless DC motors in electric submersible 
. ' ; : A jumping, since the voltage.spikes lead to damaging electrical conditions on long cables, . , - 

• .^y> r \;:x as, hereinbefore ; . described^ electric submersible .pumping, system of the present; , ' . 

.. ; ; 30 Y ,' t ' invention driyes all three motor phases continuously such that damaging transients will . . , ' 
i' : VV'v L the : ;.motpr .femf : tp/'. fee-.' sinuso^ 



, .... , • » rf< . , p ■ 
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fundamental ; .frequency component ,, of > the. drive and/iri6 quantities 
• ■• predominate in a detailed analysis. - ■ . :•• :is,V*.-" 

Figure :; ;lA:'sliows .a block diagram, of a drive' circuit. Ill - comprising an adjustable;/ • <.';\. 
* "5 voltage converter '113' and an inverter 114'"for supplying 'drive /currents at output . "'■ •'*" ' 

' • terminals 901 at the surface for supplying the ; three phases A,.B and C of. the motor via ' , 
. • ! ' the power cable extending down the borehole. The inverter 114 is supplied with an 
. upper voltage at 904 and a lower voltage at 905, the difference between the' upper and 
,\ f lower voltages being commonly termed the link voltage. . , 
10 " : ■ : : " : h: \ " " ;V,; : ; ! '.' i,;; ' : ' 

Figure 12 shows a schematic circuit diagram for the inverter 114 which is well known, 
For each phase output there is an upper switch and a lower switch, representatively 
shown for terminal AA at 906 as 902 and 903 respectively. By alternately turning on 
these switches, upper switch 902 on and lower switch 903 off or vice versa, this 
15 terminal may be sensibly connected to either the upper voltage 904 or the lower voltage 
905. This arrangement is tenned a two-level inverter. It will be appreciated by one 
• versed in the art of inverter design that multi-level inverters may be made in which the 
terminals may be switched to voltage levels intermediate between the upper voltage and 
the lower voltage, such multi-level inverters being usable in alternative embodiments in 
20 accordance with the present invention. A filter is connected between the switch 
terminals A A, BB and CC and the drive terminals A, B, C at 901, representatively 
comprising inductors 907 and capacitors 908. The purpose of the filter is to smooth out 
the rapid switching transitions, and thereby present a smooth voltage to terminals A, B , 
C. It will be appreciated that other filters, for example for the removal of radio 
25 interference, may be added. 

By contrast, in a brushless DC motor inverter, the filter is not present and the motor is 
connected directly to the terminals AA, BB and CG. - Only two phases are active, that is 
... . only one switch is turned oij, at a time,"whilst the. switches for.the third phase both . 
30 remain turned off as described above. 




'fcv,, vSS^' ; . :; ' .:S ;.^K2 V ^ 
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.... ^v^:^,..^ width modulation ^(Pl^M)' or other switching modulation scheme ^p^in'^e^art,' e.g. ' . ' ( \.-' :y . 
' *> ^h-k:' r ?-V'-.i ■:. hysteretic, space vector, switching table,, to- create- the 'effect of; a sinusoidal -output 

. ■•j.V? :;^y>.purrent. In the following description PWtyf dn^'e-is; referred to by way. 6f non-limiting "•'v,^ 
lustration. ;y\ * , y:^;.^:^;/ v;; v;V'; v ' > yV. ' ' • Vfe-^rt 

J : '-v',". • . ■ ' 'H'K ';?■ ■ ' . • y'; : 

■'. ■ ; fi -t.,>i -v<y : Figure 15 shows one phase of the output of a PWM drive according to which the upper - 
■\ .* ' J ; and lower switches of a phase leg are alternated with a variable mark-space ratio. The 
y •; • - ; /; V voltage curve shows the switching at terminal AA, whereas the superimposed phase 
/ • y- y. /' current ycurve is seen be' sinusoidal ■ with onlyVa; little ripple. Fourier analysis of the... 

10. voltage" would show' it to' havd a predoimnant ' fMdamdntal component 4 at the phase • '* ' 
;y : '-y^ , '. 

fundamental smooth voltage is passed to the power, cable and thence to the downhole-. 
. .. , . ; motor This is therefore a suitable transient-free approach, in principle, for the PMSM 



15 



submersible pump application . '{ 

■ . * "? 

. 

* <■.« 

However, to produce a high-power high-speed variable speed drive, with sinusoidal . *rf 

" - ." " ' - * ' ^ ■ '• " •'■■■*■ ■ 

output presents severe difficulties, as will now be described. The method is best suited - * : j0 
to trapezoidal or similar EMF but is also applicable to sinusoidal driving, the difference 
being in the harmonic content of the waveforms and hence the best use of available y & 
20 power capacity. 

The majority of variable speed drive circuits operate at typical utility supply voltages of 
380 V AC - 690 V : AC, since the power semiconductors that they use for switches are 
well proven and efficient. However, just as in utility power transmission, for efficient 
25 motor operation using long power cables, it is necessary to use Medium Voltages, 
commonly in the range 1000 V AC - 4000 V AC. Such voltages reduce the motor 
' current and hence the ohmic losses in the cable. The majority of variable speed drive 
* ■.•*". :. V* : circuits- • for use with - submersible pumps are : ; therefore installed with - a step-up . y . 

, . , ; transformer on the output. These transformers' 4 are a source of additional power loss, \ 





\vy»..> * : , required as described -below, to reduce -fo^onic distortion of the supply and to match to' 
/ .* * the available -supply voltage. V\ '\ ti /■ j.-\< ;7 V . : 

V ; - • ' ■ ' " • A Medium; yoltage drive! circuit operated froih a supply voltage directly at the 1 voltage - t 
5 which is required for the motors. It therefore eliminates the Undesirable output step-up 
■ transformer but has certain limitations for the purpose of high speed pumping; 

Medium Voltage power semiconductors when used for the switches 902 and 903 of the ' 
drive circuit of Figure i 2 have large switching. loss 

10 carry both current and' voltage during the time it takes to open or close the path to 
current. The losses are inherently proportional to the number of switching operations 
per second. As an example, to turn on a switch at 3000VDC assuming a current of 
200A might cause a loss of 1 J (Joule). If repeated 1000 times per second, the heat 
created would be 1000 W. It is easy to see that, once accumulated across all the 

15 switches of the drive, there would be a substantial cooling problem and loss of 
efficiency. 

To produce the quality sinusoidal waveform in Figure 15, thirty switching cycles per 
fundamental motor frequency cycle were used. Figure 16 shows the effect of reducing 
20 this to ten switching cycles per fundamental motor frequency cycle. The waveform is 
already of poor quality and difficult to filter. 

With high speed multi-pole motors the switching, speed becomes too high to be 
economic with Medium Voltage semiconductors. For example, a high speed motor 
25 with six poles operating at 7200 rpm has a fundamental frequency of 360 Hz, so that the 
drive should operate with a switching frequency of at least 3600 Hz just to achieve the 
quality of the response of Figure 16, and preferably at least twice that. The normal 
' range for Medium Voltage • power- semiconductors- is 500 - 1000 Hz. This is why 
Medium Voltage drives for two-polQvinduction motors, which need a fundamental of 60 
■ 30 Hz at 3450 rpm, are typically specified at an upper fundamental of less than 90 Hz, far 
'"V ' r \ ! *lh. :.{'*[ short of that needed for the high .speed ^ motors; 'referred to.; above. -^ffr'^Ioww Voiftge; >; p. 
^y!v£&>y ...drive is cohsidefed^as" an alternative;-. then' despite, more efficient .'semiconductors, it too'-.. 



• ' M&CP52772GB, - .■ r •>'"• ' *•< $• - •' ■ • . . "■ .• , ;•" ; ' ' 
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v will '.reach, a switching limit at high power.. Mbreqver the, step-up transformed has to be ' , 

. ..V",'a mqrecbstly design^as-m .;V* < '. ' ..' i-' f'- v - 1 ' ■ ' :f\ 

■-■V ; The .present invention '<bvercpmes ' tliese problems by deliberately over-modiii'atipg';(n6ri- 

„ 5. linearly modulating)' the output stage of Figure 12 in conjunction with a' variable voltage, 

■' source such as shown in Figure. 19. Normally the PWM waveform in Figure 15 may be 

used to produce a good sinusoidal waveform until the peak value exceeds 4/it times the 

. , internal drive voltage. ■ If the depth of modulations increased beyondthis the PWM 

: output will become distorted, that i^ 

10 Figure . 17; . This non-hneaiity is characteristic of any modulation scheme used' for 

driving a rriptor in accordance with the present invention where the output voltage is 

unable to follow the peak of the sine wave or other waveshape that is demanded, in 

.. simple proportion. A particular case of over-modulation is to consider the peak voltage 

, as fixed to the upper and lower levels of the internal drive voltage for substantial parts *. 

15 of each, cycle, with pulse width or other modulation used to progressively vary the 

. output between the upper and. lower, levels of the internal drive voltage for the 

remaining parts of the cycle. It is also possible, within the scope of the invention, to ^ 

■ • ' * . 

generate the waveform within the linear range of modulation, particularly at lower ? 

power levels. . 



20 

The distorted switching waveform shown in Figure 17 has several features. There are 
far fewer switching cycles than at lower modulation, and these are at the lowest-current 
intervals of the fundamental cycle. Switching losses will therefore be much reduced 
even if the switching frequency is kept high to facilitate filtering. The filtered output 
25 voltage, obtained, for example, by filtering the single phase in isolation, is quite similar 
to trapezoidal, and is transient free as required. When the filter is as shown in Figure 
12, it becomes a three-phase. filter and the phase-phase voltage applied to the motor will 
; .be found to' be even more smooth.' ' The output is, usable for sinusoidal motors, with- 
some unwanted harmonics* ,ai>d is, .well adapted to the non-sinusoidal windings of the . 



30 -\ ^re^erred motors of the pr^ent ^n vention . . , ^ . . 

fy ' r modulation depth normalised to ,4/ n'i' 





;. .^submersible 
■', ■ for normal 



^V'-V--' s.witch. Curve; i 703. "shows the switch conduction loss, which ,.'is . typically ; low for a 
ible motor mnning at 100A. Curve; 1704:shows the switching loss-. It is high 
nal modulation levels, but reduces . rapidly "by a factor of three ' as ' over- ■■ ■ •• 
modulation isVipcreaSed.'". This represents a .dramatic improvement and makes Medium 
. 5 • ' Voltage drives of the present invention suited tbhigfi speed motors. 

' . Sihce the amplitude of the drive voltage is fixed once over-modulation is employed, the 
only-way of varying the motor , voltage arid hence the speed is to vary the internal drive 
: " voltage Vunk applie'd between the terminals 904 and 905 in Figure 12 by means of the ' 
10 'adjustable voltage' converter 113. There are many known circuits to do this, including 
phase-controlled rectifiers and choppers. 

However, the present invention seeks to make use of the special characteristics of the 
pumps it is powering, in order to further improve drive performance. In accordance 
15 with the power characteristic of centrifugal pumps as mentioned earlier and as depicted 
in Figure 18, the power output at half speed is only 12.5% or so of the full speed power, 
and therefore of little interest in the well for which the motor and pump are specified. 
Similarly, though less dramatic, in a positive displacement pumping system the power 
will be proportional to speed and more than half power is normally required. 

20 

Therefore a properly specified drive can be assumed to be run most of the time above 
half speed. 

A first embodiment of adjustable voltage converter 113 particular to the present 
25 invention incorporates a specially adapted variable voltage chopper source shown in 
Figure 19 to provides an efficient means of regulating the internal drive voltage, and 
hence the motor speed, over the power range of interest. 

, In this circuit a first fixed supply voltage source 1401 is connected t in series with a , 
30 . second fixed supply voltage source 1402, and a chopper, comprising a switch 1403, a 

~;^ r rJ<$od£ i404, \^indu&.top'i405 and a capacitor 1406; is connected across thp -sourc;eT402: ■ \.' 

:t-£0f}By of.tfie sw.itphl;03^ i j t 

be varied between zero and the fixed voltage' 'of the source] 1402. Since the voltage 



^•■across the capacitor, 1406. is. m series with the/fixedi. voltage of the source. 1401, ' the 
t voltage 'across the output terminals 904 and 905 maybe- varied from the fixed voltage of • ' 
\ .i -the 'source 1401 to the sum of the. voltages of the. sources 1401 and 1402.' <- " • ; \ ; *' 

5 . ■ . . When- the motor is operating at . low speed, as when ' starting and stopping, the power. 
; level and. motor frequency wili .be low. Consequently conventional pulse width 
X modulation by the drive output may be used with little penalty, with the chopper turned 
. off,'.. leaving the drive voltage fixed at the level; of 140 L ' At hill power output the \ 
. . ' chopper may be left permanently on. .Therefore it has' no switching losses in either case.' 

. ;. ; The switching losses of a chopper are proportional to switching frequency, input voltage 

and output current. The advantages of the arrangement shown are that the input voltage 

is, only half that of the full supply, and that the frequency of chopping may be set , 

independently of the motor speed since it is used to produce the link voltage and not the \y, 

* , . vz ''' 

15 modulated drive output to the motor. For example, with a pump load and high speed : 

corresponding to high power, the chopper might be operated at 500 Hz to limit switch 



losses, whereas the output stage in Figure 12 may be switching, except when saturated, '% 

■ . ■ - 

at 3600 Hz or more to produce a fundamental frequency of 360 Hz. If the conventional £ 

• ' ' 

modulated PWM approach with a fixed internal supply were used, the output might V? 
20 have to be limited to 500 Hz, that is there would not even be one pulse per half cycle, 
resulting in an ineffective drive. 

If a chopper were used across the full available supply voltage, the losses would be 
doubled as the switching voltage would be doubled while the switched current remained 
25 the same. This may be acceptable for lower power low cost drives where the dual fixed 
voltage supply 1401, 1402 is not implemented. 

A further feature to optiixuse. the cMve, based on the." characteristics of. the electric ; • - 
. v * submersible pump/is to vary the. chopper frequency. Inductor 1405 is heavy, costly and 
30 has losses proportional to rippjle current and average, output current. As such it. is an 
' ;; undesirable addition byjcoixi^ diwes:-; ".-J*;". ' y ^« ' ' 




• ■' 5 chopper frequency can be relatively high, permitting a lower inductance' value. As the 
. ■ voltage increases the output, power will increase, and the chopper frequency must be 



reduced to limit the switching losses. Since the ripple reduces as the output voltage 
increases (higher duty cycle) but increases as the frequency is reduced, it can be seen 
that a compromise profile of frequency versus power output can be found which allows 
10 a much smaller value of inductance than would otherwise be the case, reducing the 




adverse, factors of weight, cost and power loss. It is quite reasonable to reduce the value 
by a factor of two, or four if the chopper is connected across the full supply and not a 
portion of it. Thus variation of the internal frequency of the adjustable voltage 
converter with output serves to improve efficiency and/or reduce the size of 
15 components? 

Figure 20 shows a suitable circuit for the fixed voltage sources 1401 and 1402. In this 
circuit the utility supply is first transformed by a transformer 1501 having two 
secondary windings 1502, the output of each of which is fed to a three-phase rectifier 
20 and smoothing capacitor. The resulting DC supplies are connected in series. By 
altering the relative turns ratios so as to change the relative sizes of the voltages of the 
sources 1401 and 1402, the variable speed range of the supply may be adapted to 
particular requirements. 

25 A particularly beneficial choice is when one secondary winding is wye-connected and 
the other secondary winding is delta-connected, and the turns ratios are adjusted such 
that the rectified outputs are equal. In this case the current pulses taken from the supply 
from one capacitor are displaced in time with respect to the current pulses taken from 
. t the. otheri. capacitor/. This. laiown arrangement is beneficial -to the supply as the current 

30. pulses taken from the supply by the assembly occur twelve times per supply cycle and 

! v .^no.f ! sixvas ' wheri: This ::; substantially reduces- the" .harmonic :v\>.. ."' 

^ the id^e circuit on.the utilityv;supply:^ r . t^'C^-.. f- 'k : - ;. 





! • A j- i^urtiKSr embodiment of,..^ converter-; 113 in accordance\iwith,;'ihe J, 

•WW . ..pres^t^Invention incoippratesja; fhrfee-phase boost'' converter fas .sshown in Figure' ; 35. ;; 

• ; This an^ngemeht uses a twd-levef" inverter as in Figure 9,' but -operated so as to" absorb^" ' 

• )v^^0Tom-the Input ten^na3s ''356l, U, V, W which in 'thi's case are connected to the " V 

« . - 5 utility "supply or a generator,' and produce a- voltage output' between the terminals- 905; 

- - ' and '904. This circuit arrangement and variations thereof can use a greater or lesser ■ 

number of switches.' Their use in "industrial drives is mainly for four purposes,' namely ' 

\ ' (a) to draw a sinusoidal current from the utility supply which improves the. harmonic ' 

• ; ';:; . content,' (b) to adjust the utility, supply power factor, (c) to permit the regeneration of 

\ 10 power from ian over-running motor load to be returned to the utility supply, and (d) to " ] 

provide a constant link voltage just above the maximum that would normally be 

obtained from an ordinary rectifier. The latter is also the minimum link voltage that can 

be used for the circuit to function with these purposes. In this embodiment the three- , 

phase boost converter is used to produce a variable voltage between the minimum v; 

15 voltage level and a maximum voltage level that is above twice this level, and therefore 4; 

. . , . provides a, suitable adjustable range covering the main power levels of interest A. ' '$ • 
' ' • * ' ' 

particular benefit for smaller submersible motors is that ordinary 380 - 480 VAC utility. >'M 

supplies can be boosted into the low Medium Voltage range, and therefore the Medium jx 

Volttage drives of this invention may be made without the cost of input transformers. y 

20 . 

Other arrangements for efficient variable voltage are possible. If the fixed voltage 
sources 1401 and 1402 are kept separate and a chopper is placed across each, and the 
chopper outputs are connected in series, one chopper may be kept fully on or fully off 
which the other chopper varies its output. In this way the entire voltage range may be 
25 covered with only one chopper operating at less than the sum of the available supply 
voltage. It is also possible to connect the chopper across the fixed voltage source 1401 
and to connect the fixed voltage source 1402 separately to the chopper output so as to 
add to it "Wherefthe interference to the utility could be tolerated, one or both of the : : ' 
. rectifiers in Figure 20 could be rendered controllable by means of a thyristor bridge. . 
. 30, Three-phase chopper circuit arrangements are k 



known and can also be used. 



: .';i$ : is desirable^ to dynamically cbnibfdl'th^: drive 1 , cable ; and motor airiaiigements- 't6;realise: V/ ' 

«r- tt_i^ idUC ^x^-k, _ . 



/"*"\ .* • ■-••>.;.•■ . \ t< .. . ^ (1> ; • .. . •/ ; - , .-.;*ei. -;- 

• -,*: . ,rt * . *"■.•!;••••' . .' " ■ ■*■* * • •*-•;* t 1 

, ■ ,).• • .'.v^Ith its 'shaft rotation; : , With'at briishless DC motor, for, which two phases 1 ^^^^^£11^^ 
-a time' as. hereinbefore .described, there are numerous schemes to determine the shaft;, 
rotation without the use pfrotatidn sensors (such as«."S'ehsorless Vector and" Direct 
* ' " v... Torque Control", 1998 ? E Vas, Oxford University Press) based on observing the effect , 
5 'of the voltage on the undriven phase. With a PMSMi because all three phases are. 
. ■„ continuously driven, the. shaft rotation must be determined in another way. In a factory, .'• 

a means is required to directly measure the instantaneous' angular position of the rotor 
• using a shaft sensor, such as a resolyer or encoder, and to use the result to. control the . 
. . phase of thelyoltage or current output of the variable speed- drive circuit. However, - 

10 apart from the uncertain reliability of such transducers, the additional cabling or other 
paeans needed to transmit the position information from deep in the. borehole to the 
variable speed drive circuit at the surface makes a sensorless technique almost certain to . 
be required. 

15 It is possible to control AC PMSM motors without sensors utilising a computerised or 
discrete component model of the motor, based on an electrical equivalent circuit as in 
Figure 10 or a physics-based description, incorporating intimate knowledge of the 
motor's electromagnetic design. The model is kept supplied with terminal voltage, 
current and frequency information, which allows it to estimate the motor's internal 

20 variables such as rotor position. In turn these allow the control algorithm to decide how 
to adjust the drive output. These methods depend on an accurate model. Substantial 
effort is devoted to measuring the model parameters for a given motor before use, or by 
various monitoring means during operation. In the case of submersible motors, or in 
other applications where long cables are required, the cable resistance and reactance 

25 - parameters must be incorporated into the model. Furthermore cable and motor p 
parameters are subject to change with operating temperature and age. In the present 
invention it is shown how qualitative knowledge of the motor load characteristics may 
be introduced so as to refine the rotor position estimate for a PMSM without having to- 
measure these uncertain system parameters. A general purpose drive is designed to 

30 coyer a wide range of loads and dynamically varying' conditions, as in a servo, and 

> ^cannot 'assume particular prbperties of the load.y ■ . • v^.f'^v. , * '..y/. ■ ^v. v • \:^,.r : -^: -.^ 

£?.$y:. '0;^' . ,.<*v- • :. / ./::^^^;:7 , .s^ : ^ - ... -4 





ffcVV-v " The characteristic of the load "that is; xequired for the feature^f'-ljie invention now to',be : r v< . 

. : 'v , disclosed is that its power be. steady for a steady speed. By averaging over a sufficiently; . ■ : : 
'•■ V long' period : r'andbm or short" term'' load- fluctuations'' , 'can' , -be""'acc6mm6dated!' 1 "A"-";'" 

submersible centrifugal pump; or a turbine, meets this jdo'nditi on: * . : ' \ • ' % ' ' 

Therefore, if the PMSM motor control is changed while keeping the frequency, and: ' 
' hence synchronous speed, constant, the load power will remain unchanged. The. 

• optimum control condition will be when the drive output power, Which is measurable, is 
' ' • ; . minimised. For example if a pump is .turning at a fixed speed and takes 300kW from 

10 ' .the cirive at one control condition, and 298kW at another, then the second condition is ' 

more efficient as there is less power supplied, regardless of what the motor and cable' ; 
parameters are thought to be and regardless of what the actual, pump power is, since it- 
. . " has not changed. • 

15 Suitable means of effecting these control changes to find the most efficient system • \ 

operating point are now disclosed. At constant speed the internal mechanical friction "7? 
' ■ . ■ ' ' ■ ■ ■■• ~$ 

losses will be fixed, so that the dominant variable loss that needs to be reduced to a . # 

• • ' : M 

minimum by the control is the ohmic loss in the windings. . I' . 

20 Figure 22 shows the phasor diagram for the PMSM schematic shown in Figure 10 and 
corresponding to the waveforms shown in Figure 11. This diagram, which is known to 
those skilled in the art, refers to one phase of an ideal balanced motor with isolated 
neutral. The motor EMF amplitude E, denoted by the reference numerr.i 1801, is taken 
as reference. The phase current I lags behind this by an angle (f). The voltage drop due 
25 to the winding resistance 1802 and the voltage across the internal inductance 1804 sum 
■ as vectors to equal the driving voltage V denoted by the reference numeral 1805. The 
motor power output, ignoring internal mechanical and iron losses, is given by: 
1 ' '"' " " ' ' ■; ' P = 3/2EIco's(<j)) /V'fv- «w« ', - 

^ 30 • The EMF E. depends to a good approximation only on. the motor speed, so that, for , : - 
^: v ^ rv: : '' r ^;- ' fixed Vspe6'd operation/ and since- the - output poWer'is fixed" by- ilhe^oadi, the'qumtity.^ 
WSl ^ .^nie : bro^ep line f 806- sfeow^;' th$*i6^ 



« poy/er. . It is evident that .minimum current, and hence/east toss in the resistance -of the ,, 
.copper., winding, ~ I R, .occurs when § is zero. 




In open -loop operation of the PMSM'.inotor a given, .three-phase' voltage or.' current is .- ; 
5 ■« applied at a' given frequency. The motor operates in accordance with the phasor 
diagram at an angle ([), satisfying the relationships between the parameters. Operation is 
at some non-zero <j>, and as a result the motor is neyer optimally efficient. If <() increases 
beyond approximately ±45 degrees^, the. motor operation becomes unreliable since , 
■ fluctuations in the load may increase the; angle to the point where there is insufficient 
10 current available from the drive circuit to maintain the output power. At this point the 
motor will lose synchronism and stall. If the conditions are as shown in Figure 22, then 
increasing the motor voltage will force <|) to reduce and hence reduce the current and 
ohmic losses. It will eventually reach zero, the most efficient point, and then become 
negative, when the current and ohmic losses will increase again. 

15 

• Figure 23 shows this in tenns of the input power 1902 of a representative motor plotted 
against terminal voltage 1901, normalised to the most efficient point of operation. The 
curve 1903 represents the average (real) input power and is the sum of the fixed motor 
output power and the copper losses. The curve 1904 represents the volt-ampere power, 
20 which includes a power factor. It can be seen that, by varying the input voltage, a point 
may be found which minimises whichever power quantity is desired. Increasing the 
normalised input voltage from below unity changes (J) from positive through zero to 
negative. 

25 Therefore the optimum operating point of the system at a given speed may be found by 
varying the input voltage independently of particular knowledge of the motor or cable 
parameters or actual load power. Since the motor output power demanded by the pump 
for constant pump speed and fluid type is constant, the control observable is the input 
power measurable at the surface. Parameters corresponding to the age or nature of the 

30 -..motor and/or -cable are not required.* . • ■ . • : t .. • • . v 

V ' >■ j This- method has broader ' applieability.:';/For . ex;amp"lev'.if 'S;' current-controlled - drive ;is; - l • ■■' 
.; used,:then current may be used as the control variable and the drive. voltage tod output 



. ... 
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^•vT' *<" • power will vary; as a consequence; i : Alternatively, for a fixed, ^plitude .of yoltage.-or^^V- 
; V>-;. : . current, .the phase of this quantity relative to; the :estimated rotor angle could be slightly;.; ; v.'- . 

'«■.■■■■ .•'■changed; In this .case' the op timurti condition' will be when the 'speed fs maximised;-' :<;;'■'' "<'".] 
Y^Y';' O" since, from the characteristics of ' the ^ loaia, ' increased speed, corresponds 'to increased ... .YY, 
Y: "! \'5 output- power, and the maximum output power always occurs when (j) reaches zero. (In ! ' . / 
Y ; 1 Figure 22, changing speed changes the reactance X and the emf E in proportion.) 

/ ; .. - Practically the above method ' is ' applicable ' tp PMSMs' without the simplified 

' assumptions of Figure 10, : since the goal is simply. least drive power for a fixed output '. '.• 
10 power. It is preferably implemented as a long time average correction to an established 
v .closed-loop control, or as a* slow adjustment for open-loop, control, ensuring that load 
• , ' fluctuations do not cause false corrections. It will be evident to those skilled in the -art 
' of control theory that it. is possible to merge the input power minimisation into an inner , 

control loop, by weighting its importance to other error terms or using it as a constraint.':^ 

' • ' ' ' 

15 In this way the control loop keeps primary control over the range of (j) that is permitted, 

while accepting a safe level of correction from the power-optimised control of the^.. 

present invention. It should also be noted that, for real non-sinusoidal motors aridf 

drives, the issue of torque ripple can be important, and a lesser or greater amount of;|? 

correction might be empirically added to keep this to an acceptable level. Such an;<v 

20 arrangment is applicable to, any synchronous motor with suitable load and thereby- 

includes brushless DC motors and drives. 

The improved winding and construction methods described above make it possible to 
further extend the reliability of the entire pumping system by means of cooperative 
25 duplication of failure prone electrical elements. The cost of replacing a failed system, 
and the loss of fluid production until the repair is complete, will far exceed the cost of 
. the duplicate parts to be described. \" Y 1 

YY'' ••' / • • '■ • Y ■ ■• v ■ . ■ ' l :\ '■• Y'v § ;« . • ! ,i.jv.; ■ . : -'-r' : -. 

;--iy;i '. ^.Figure 33 shows a. variant installation according to .which a single submerged motor 108 . : 

30 . is connected to two electric power cables JL 10 and 110' , each connected at the surface to 
''y-^.;/-.:. Y'*a coiTespondirig': motor; drive 111 or ^ii^yf^^n 34.di'k^ 

^^'v ^Ip^^^^ 1 ^ 1 ? 9^ * d ? ^ ^? tc ^ ^ the install ^ 33^m wh^ich^ 

i .'> ' .■ :-». ' windinac flrf* nmvi Hpri narnpK; a firot ' tifiriirliricr ■ ©Pt'^rtiTn r*r\Wn&^i*A*+n*..tVt& /*oK1a 1 1H an/To ,V •'' 



second., winding set 3001' connected to the cable 110V. The' motor '.is wound as a/six r 
phase motor,' divided into two sets 30.01 and 3001' of three phases., each with its 1 own 
neutral connection: The motor may either be driven as a six-phase motor to its full 
power capability,* or alternatively' as a three-phase motor using either set of windings at 
reduced power. . * ■ 

The advantage of such an arrangement is that failure of the cable 110 or its splices or 
connections, or of. the" drive circuit ill or of any of the coils of the winding set 3001 
. will not affect any of the corresponding parts associated with the winding set 3001'. By 
using concentrated windings the windings of the phase sets may more easily be kept 
well insulated from one another than with lap windings. In the simplest case one coil 
per phase is wound over alternate teeth in twelve slots, the corresponding phases of each 
set being adjacent to one another. In this way the six motor leads exit the motor directly 
from their coils without crossing. 

The above arrangement of six phases split into two sets of three phases, though having 
practical advantages, is not limiting. However two-phase motors still require three 
conductors in a cable, whereas motors with a larger number of phases require further 
cable conductors, which is undesirable. 

A six-phase drive output circuit may be constructed by adding three extra pairs of 
switches to Figure 9. The phases operate at a 60-degree separation, rather than 120 
degrees. However, such a drive sold as a unit is complex and is substantially only 
useful for a fault tolerant application. The preferred embodiment uses two adapted 
three-phase drive circuits 111 and 11 T, with the adaptation being made by means of 
suitable signal and power connections 3002 between the drive circuits. The signal 
connections must ensure that the corresponding output phases of the drive circuits are 
60 degrees apart. One drive circuit malc.es the rotor angle calculation to produce the 
master phase signal used by both drive circuits. To ensure smooth running across all of 
the phases, the amplitude of the drive output voltage must be the same on each phase. 
In the case".o'ft the -high-speed drive^' disclosed in the present-'d^scriptibn, the terminals 
904 aiid;-905;:6f the'driye .circuits "fhkj/ be connected .together :'sb f '!thar their voltages arfe-i ; 




^ -. . u^y-,,., :yy*y ' ■ " <&yy K-y^W* ■ . v^I^;->.^^h%- • 

*•.'* ■ ■ .• ■ - : ' ' •■ "• .'i**" 1 i ." Sfi-j*.*.-';., *.. ■ . }V i •". : ■ '. .: , .".'. v ^ 

; .' •■ the same. . Q'ne of .many known power supply sharing methods .may^e, : usejd to equalise,. ■. /. ; .' 

.>/ \"!^...\\. the power supplied by each chopper circuit.';.::' . : \£'L' '->... ."•>• ' , ." 

. . In an alternative'* embodiment of the fault-tolerant pumpingVsystem,' two. motors are- V\ - J • : ''" 

■■«..,.'"'' . « , . • : , ' . • . • . . * *. . . " • '■" •+ •■'•' ■«. ■.. • • ' . 

' ' 5 . connected -'mechanically in series on a common shaft, but powered by separate cables 
>; '; \ and drives as before. The two motors may be -operated individually or simultaneously. 
•'. :\ ; In the latter case the drive circuits must again be arranged to cooperate. This method is 
' : not applicable in the. majority of wells as usually the motor diameter is the largest that 
can be fitted within the casing 103, and • the motor cable 110 is fed; past the pump and- 
10 . into the top of the motor' 1.08 immediately below it In such cases it is not possible to ■ 
' pass- a second cable past this first motor td a further motor arranged at a deeper level.. . 

The- foregoing has assumed two duplicate motor sections that are identical, as that is the 
simplest fault tolerant arrangement. However, with suitable changes to the control and:. 
15 drive levels, a plurality of motor sections cables and drives of different characteristics 
may be used within the scope of the invention, so long as they .are controlled to the^i 
same shaft speed. - f . . 

- " . • '<v 

• • ■ • . ' \£> 

The electric submersible pump system of the present invention has broad application,.^ 
20 particularly in the field of downhole wellbore operations. Drilling for wellbore fluid at 
large depths is typically restricted to relatively narrow boreholes, so the facility of the 
present invention to provide the same motor power in a smaller overall package is 
immediately advantageous. 

25 A further application of the present invention is to compress wellbore fluid in situ. It 
may sometimes not be required to immediately transport the wellbore fluid to the 
surface from its underground reservoir, but to compress it either for later recovery or 
merely to facilitate further exploration. Alternatively it may be required to transport the 
• : ... wellbore fluid from'a.first subterranean location to a second subterranean location, for 
30 the above reasons amongst others. . . . . / ■ 



'.'•V" 



deYelopment'ih: nu.rdng' op^rati'6n&;i 'multiVjateral^wellbore^;: ; . . ^r. 



/.;^/^^ ; ^':^''^ent -deye 



^V.y'l : horizoiitall^om a central subterrarieari .sump. Currently known pumping systems hay^^^ ; 

' . : ; , • significant; ^difficulties in pumping . from lateral wellbores, whereas the pump of the.. . 

;- : . ' • : ' present.. invention can still maintain a" high, "output m such environments. In this case, • 

/'v'.'V •:' ' wellbore fluid is; transported from the' multiple lateral wellbores to the central sump, ■ ■ 

■ ' • , • • 5 where it may be recovered to the surface or compressed as described above. . . / 

"As hereinbefore described, an objective of the present invention is to provide a high- 
. / speed electric submersible pump, capable of operating at speeds above the current - 

maximum of approximately 4,000 rpm. The standard operating speed of embodiments 
10 of the invention intended for the above applications is above 4,500 rpm, and an optimal 
speed, providing a marked improvement over current systems, is approximately 7,200 
rpm. . 

The present invention discloses a permanent magnet synchronous motor submersible 
15 pumping system. It will be appreciated by the person skilled in the art that various 
modifications may be made to the above embodiments without departing from the scope 
of the invention. 

Reference should also be made to 'The Technology of Artificial Lift Methods", Vol. 
20 2b 5 K.E. Brown, Penwell Publishing 1980, the contents of which are incorporated herein 
by reference. 
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\ claims ' -r ^P^V * ' ." 

. ^//-V V 1. A:d6wnhole electri'c' : motor having atleast three phases and comprising apermanent , \ 

magnet rotor and a stator bearing phase windings "(A, B and C) in slots (2206) in the "■■ 
. /';." 5 stator, each phase'winding (A, B, C) incorporating a coil .extending- through a ; ' respective 
'* ' pair of adjacent stator slots' (2206) and surrounding a respective portion of the stator 
y-;'- between said adjacent stator slots (2206), and adjacent" coils of each pair of phase 
'/♦windings XA,' B,, C) extending. through opposite parts of a respective one of the slots 
i ' (2206)5 v : '"- v \ • \. " ': " : '* • 

' • ' 10 \ ' . - : . • " 

2. A motor according to claim. 1, wherein said adjacent coils are separated by a gap. 

through which cooling fluid. may be pumped to cool the coils. 

3. A motor according to claim 1, wherein said adjacent coils are separated by a . ^ 
15 thermally conductive projection (3110), with which the coils are in thermal contact, 

extending at least part of the way. across the slot (2206). .ft 



4. A motor according to claim 1, 2 or 3, wherein the stator incorporates nine windings 
(A, B, C) extending through nine slots (2206) and consisting of three windings for each ; 

20 phase. 

5. A motor according to claim 1, 2 or 3, wherein the stator incorporates twelve 
windings (A, B, C) extending through twelve slots (2206) and consisting of four 
windings for each phase. 

25 

6. A downhole electric motor having a rotor and a stator bearing phase windings (A, B, 

Y . ■•; ' C) in slots in the stator, the stator. being made up of first, and second concentric parts • 
(2207, 2208) " which together define the slots (2206) in the stator so as io . permit the 
; 1 phase windings (A, B , C) to be fitted to the first part (2207) prior to fitting of the second 

V- v£;,36\^ . V)/J 

t .. .;• ■'. ; '•>.»,- i/-'- *m,.,«: » ^ .^..^■V-"':'' - • • ■ - r'* '..».,' .sj[» * i**>X* : ■ . V'; . " /v/'-Ihw t'^ -i:-' • ■ ■ '• 't'J*'?.. 



I. A mo tot according to claim 6,' wherein the'stator comprises. a. stack of lamination* 
extending transversely of -an axis of rotation of the motor, each lamination comprising a- 
first portion: 'incorporated in the firat'part- (2207) of the stator and a' second portion' 
incorporated in the'second part (2208) of the stator. 

8. A motor according to claim 6 or 7- wherein the first part (2207) of the stator 
comprises an inner cylindrical member having slots in its outer surface separated by 
lands and the second part (2208) of the stator comprises an outer annular member that 
surrounds the first part (2207) such that portions of an inner surface of the second part 
(2208) engage outer portions of the lands of the first part (2207). 

9. A method of constructing a downhole electric motor having a rotor and a stator 
bearing phase windings (A, B, C) in slots (2206) in the stator, the method comprising 
the steps of fitting phase windings (A, B, C) to a first part (2207) of the stator, and 
combining the first part (2207) with a second part (2208) of the stator concentric with 
the first part (2207) so as to enclose the windings (A, B, C) within slots. 

10. A method according to claim 9, which includes the further step of inserting the first 
and second parts (2207, 2208) of the stator with the windings (A, B, C) fitted thereto 
into a housing prior to insertion of the permanent magnet rotor. 

II. A method according to claim 9 or 10, wherein laminations of the stator are 
rotationally aligned by means of features on a mandrel oj inserts mounted thereupon. 

12. A method according to claim 9, 10 or 11, wherein the first and second parts (2207, 
2208) of the stator are connected together by compression. 

13. A method according to any one of claims 9 to 12, wherein the windings (A, B, C) 
are preformed before being fitted to the first part (2207) of the stator. .. 

141; A method :acco^ further comprising the. step of:. 

grinding the stator ;pn the outside diameter* • :. .. ' • *■ < . 



**>'••' ' '^ij.* ' M&C P52772GB * 

v t'J:*.?:?* " v ' ■; '■• -v. .' .V.',*/.." -J^ j; " ; . ' . *'V % 'J, n'-i'^'yr. : 

^^^^V'^v^^-- A dowiA^ and a^.^$S 

:>W^yjy«; second mdtip^phaseV section (300i;j ^and- [separate supply^ leads .010, 110') for.;;. ., ; >f v. 
r'-.V, v'-v; -..supplying said first /.and second sections v(3O0I^ 3001') with e] ectfica] 'power from the : .- 

^^^.Hi^^.V - surface. ".' :"■*' : , 'V^V-V .; : . /Xjlc >; J'."., o 14 ' .-' ' -V^V^/x 

^•-CVV^ 1 '- A motor according to claim 15, wherein the' first 'and second sections (3001, 3001') ■""•y/- : 
•.■ ; ; ' comprise two sets. of phase' windings wound on a' common stator such that the motor • 
• " may be driven by supply of power to only one of the sections (3001, 3001') in the event ... 

\. of fail ure of power to the other section. r''- > . ' ! 

,17. " A motor according to claim. 15, wherein the first section comprises a first set of . 
phase windings (300) wound on a first motor stator and the second section comprises a 
second set of. phase windings (3001') wound on a second motor stator with common . 
rotor or mechanically coupled rotors. i 
15 ' * ' ■ " 

... 18.. A do wnhole electric motor substantially as hereinbefore described with reference to*? 

• the accompanying drawings. . '■ 

19. A method of constructing a do wnhole electric motor, substantially as hereinbefore'! * 
20 described with reference to the accompanying drawings. 



A downhole' electric motor for a submersible pump has at least three phases and 
comprises a permarient magnet rotor and a stator bearing phase windings A, B and C in 
slots(2206 in the stator. ' Each phase winding A, B, C incorporates a coil extending 
through a respective pair of adjacent stator slots 2206 and surrounds a respective portion 
of the stator between the slots 2206. Furthermore adjacent coils of. each pair of phase 
windings A, B, C extend through opposite parts .of a respective one of the slots 2206, so 
that these coils extend alongside one another in the slot, either being separated by a gap 
through which cooling fluid may be pumped to cool the coils, or being, separated by a 
thermally conductive projection 3110, with which the coils are in thermal contact, 
extending at least part of the way across the slot. Such a winding arrangement is 
advantageous in ensuring that the motor has a long life. 
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